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A B S T R A C T   

Toluene is a typical anthropogenic pollutant that has profound impacts on air quality, climate change, and 
human health, but its sources and sinks over forests surrounding megacities remain unclear. The Nanling 
Mountains (NM) is a large subtropical forest and is adjacent to the Pearl River Delta (PRD) region, a well-known 
hotspot for toluene emissions in southern China. However, unexpectedly low toluene concentrations (0.16 ±
0.20 ppbv) were observed at a mountaintop site in NM during a typical photochemical period. A backward 
trajectory analysis categorized air masses received at the site into three groups, namely, air masses from the PRD, 
those from central China, and from clean areas. The results revealed more abundant toluene and its key oxidation 
products, for example, benzaldehyde in air masses mixed with urban plumes from the PRD. Furthermore, a more 
than three times faster degradation rate of toluene was found in this category of air masses, indicating more 
photochemical consumption in NM under PRD outflow disturbance. Compared to the categorized clean and 
central China plumes, the simulated OH peak level in the PRD plumes (15.8 ± 2.2 × 106 molecule cm− 3) 
increased by approximately 30% and 55%, respectively, and was significantly higher than the reported values at 
other background sites worldwide. The degradation of toluene in the PRD plumes was most likely accelerated by 
increased atmospheric oxidative capacity, which was supported by isoprene ozonolysis reactions. Our results 
indicate that receptor forests around megacities are not only highly polluted by urban plumes, but also play key 
roles in environmental safety by accelerating the degradation rate of anthropogenic pollutants.   

1. Introduction 

Toluene plays a vital role in air pollution and climate change, acting 
as one of the most key precursors of ozone (O3) and secondary organic 
aerosols (SOA) (Wu et al., 2017). Toluene emissions are dominated by 
various anthropogenic activities, such as solvent usage, industrial pro-
cesses and vehicular exhaust (Song et al., 2007). In addition, toluene is 
sufficiently long-lived to be transported globally over long distances 
(Okamoto and Tanimoto, 2016). Increased human activities have 
resulted in toluene being measured at most remote sites around the 
world (Paralovo et al., 2019). As well as its toxic characteristics for 
humans and other organisms (Xu et al., 2020), the negative impact of 
toluene on a regional and global scale is of increasing concern (Yan 
et al., 2019). 

Toluene degradation mainly occurs through reactions with hydroxyl 
(OH) radicals (Cabrera-Perez et al., 2016), and benzaldehyde is a typical 
ring-retaining product in toluene-OH photochemistry (Atkinson and 
Arey, 2003). According to Cabrera-Perez et al. (2016), considering that 
the global spatial pattern is dominated by chemical formation and re-
sembles toluene distributions, the variation in benzaldehyde should be a 
suitable parameter related to toluene degradation. However, a dramatic 
drop in toluene concentration over forested areas has been reported 
(Custódio et al., 2010; Martin et al., 2017). Unexpectedly high OH levels 
in forest atmospheres with abundant biogenic volatile organic com-
pounds (BVOCs) and low nitrogen oxide (NOx) have been of particular 
concern (Liu et al., 2018), and are suggested to be regenerated by the 
reaction of BVOC-derived RO2 radicals and HO2 (Khan et al., 2021). 
Recent chamber studies have revealed an enhanced consumption of 
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toluene under complex oxidation scenarios involving BVOCs with pro-
moted photochemical reactions (Chen et al., 2017). Therefore, a hy-
pothesis that forests act as significant sink pools for anthropogenic 
toluene is reasonable, and that studies on toluene degradation in 
forested areas are essential to better understanding the significant ef-
fects of toluene on regional air quality. However, toluene degradation in 
forests remain less studied than that in urban conditions. 

The Pearl River Delta (PRD) region in southern China is a well- 
known toluene hotspot (Mo et al., 2018), with rapidly increasing 
emissions (Fang et al., 2016). Simultaneously, significantly high OH 
concentrations have revealed more active photochemistry in this region 
(Lu et al., 2018). With worsening photochemical pollution and elevating 
O3 pollution, abundant toluene degradation over southern China is a 
cause for concern. The Nanling Mountains (NM) comprise large sub-
tropical forests (200 km × 400 km) that are located to the north of the 
PRD region (Lin et al., 2019), and particularly strong oxidative capacity 
has been reported here (Gong et al., 2018). Elevated glyoxal and 
methylglyoxal levels, which are two typical products of toluene oxida-
tion, were observed in the NM in the presence of PRD plumes (Lv et al., 
2019). Toluene levels in NM (Gong et al., 2018) were significantly lower 
than those at Mt. Tai (Ting et al., 2009) and Mt. Gongga (Zhang et al., 
2014), which are regional receptor sites for the heavily polluted North 
China Plain and southwest China, respectively. Therefore, the signifi-
cantly lower toluene in NM and the impact of PRD plumes require 
further investigation. 

In this study, field measurements of toluene and benzaldehyde were 
conducted in NM during a photochemically polluted season in southern 
China, when air masses from the north, south, and east could be 
observed. Toluene degradation over NM, with and without urban air 
masses, was well characterized. This study aimed to elucidate (1) the 
concentration levels and temporal variations of toluene and its key 
oxidation products, (2) the quantitative assessment of the toluene 
degradation rate, and (3) the possible influence of urban outflows on the 
atmospheric oxidative capacity (AOC) over downwind forests. Our re-
sults further the understanding of toluene transformations in forests 
around megacities and provide more insights into mitigating aggra-
vating regional photochemical pollution in southern China. 

2. Experiment and methodology 

2.1. Site description 

Previous studies have demonstrated that toluene concentrations and 
atmospheric oxidative capacity in the regions surrounding NM are 
generally higher in autumn, which is the typical photochemical pollu-
tion season (Li and Wang, 2012; Zeng et al., 2019). Therefore, an 
intensive measurement campaign was conducted at the summit of NM 
(24.7◦N, 112.9◦E, 1690 m a.s.l.) from October 16 to November 5, 2016. 
The sampling site (Fig. 1) is located approximately 200 km from the 
center of the PRD region and is close to the border of Hunan Province in 
central China. It is located at the center of the Guangdong Nanling Na-
tional Natural Reserve, surrounded by subtropical forests, and far from 
sources of anthropogenic emissions. During the sampling period, the 
sampling site was predominantly affected by easterly, southerly, and 
northerly air masses. NM receives polluted plumes from both the PRD 
region and central China under southerly and northerly winds, respec-
tively, and the corresponding regional environmental effects require 
particular investigation. A detailed description of the site has been 
presented in a previous study by the present authors (Gong et al., 2018). 

2.2. Measurement techniques 

All instruments were housed in a laboratory where the room tem-
perature was maintained at approximately 25 ◦C for 24 h to ensure in-
strument stability. The sampling system, measurement instruments, and 
calibration procedures were the same as those used in previous studies 

by Gong et al. (2018) and Lv et al. (2019), brief summaries are presented 
here. 

Trace gases (O3, NO, NO2, CO and SO2 in this study) were monitored 
in real time using commercial instruments with a time resolution of 
5 min. The detection limits for those trace gases were 0.5, 0.05, 0.05, 40 
and 0.05 ppbv, respectively. The calibration of instruments was con-
ducted weekly, and the examination of zero and span was performed 
every alternate day. According to Xu et al. (2013), NO2 measured in this 
study was regarded as NO2 * , which includes some oxidized reactive 
nitrogen. Meteorological parameters were also detected every 5 min, 
including temperature (Temp.), relative humidity (RH), wind speed, and 
wind direction. 

Real-time toluene and benzene were analyzed by online gas 
chromatography-mass spectrometry (7820 A GC, 5977E MSD, Agilent 
Technologies Inc., USA) equipped with a cryogen-free trap pre- 
concentration device (TH-PKU 300 B, Wuhan Tianhong Instrument 
Co. Ltd., China). The time resolution was set to 1 h. Before entering the 
system, particulate matter, moisture, and CO2 were removed using a 
Teflon filter (0.25 µm pore size, 47 mm OD, MilliporeSigma, USA), a 
water management trap, and a soda asbestos tube, respectively. The flow 
rate was 60 mL min− 1 and the sampling time was 5 min. The R2 values 
for the calibration curves of toluene, benzene, and isoprene were higher 
than 0.99, and the precision was lower than 2%. The detection limits for 
toluene, benzene and isoprene were 0.002, 0.003 and 0.004 ppbv, 
respectively. 

Benzaldehyde was simultaneously sampled into pentafluorophenyl 
hydrazine cartridges at a flow rate of 100 mL min− 1 for 3 h 
(05:00–08:00, 09:00–12:00, 12:00–15:00, 15:00–18:00, 18:00–21:00, 
and 22:00–01:00 LT). O3 was removed by coating saturated potassium 
iodide in a 1 m long helical copper tube before each sampling tube. All 
benzaldehyde samples were analyzed using an offline GC-MS system 
(7820 A GC/5977E MSD, Agilent Technologies Inc., USA). The R2 value 
for the calibration of benzaldehyde was greater than 0.99. The detection 
limit for benzaldehyde is 0.005 ppbv. A total of 89 field samples have 
been collected during the campaign. 

2.3. Calculation of photochemical degradation rate of toluene 

OH radicals are the most important drivers of the photochemical 

Fig. 1. Location of the Nanling Mountains (NM). The red, green and blue lines 
indicate the 24 h back-trajectory clusters arriving at the sampling site. The 
yellow shade indicates the PRD region. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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degradation of toluene and benzene in the atmosphere. The variation of 
toluene and benzene ratios (T/B) is widely used to reflect the charac-
teristics of OH radicals, because the OH reaction rate of toluene is 
higher, while that of benzene is lower (Eq. (1)) (de Gouw et al., 2008). In 
addition, the principal mechanism for the decrease in the T/B ratios in 
the background atmosphere depends on oxidation with OH radicals 
(Martin et al., 2017). To quantitatively describe the degradation rate of 
toluene relating to benzene, Eq. (1) was converted to Eq. (2) as follows: 

[OH] =

Ln
(

T
B

)

0
− Ln

(
T
B

)

t

Δt × (kT − kB)
(1)  

ΔLn
(

T
B

)

Δt
= (kT − kB) × [OH] (2)  

where T and B are the observed concentrations of toluene and benzene, 
respectively, and kT and kB represent the rate coefficients for toluene and 
benzene reactions with OH radicals (Atkinson and Arey, 2003), 
respectively. As presented in Eq. (2), the change in Ln(T/B) at a time 
interval of Δt, as ΔLn(T/B)/Δt, shows a linear relationship with OH 
radicals. Therefore, ΔLn(T/B)/Δt is a good parameter for evaluating the 
degradation rate of toluene in background areas. Notably, the contri-
butions of physical processes, such as dilution and deposition, to ΔLn 
(T/B)/Δt were not considered in Eq. (2). 

2.4. In situ OH radicals simulated by a chemical box model 

The Master Chemical Mechanism (MCM version 3.2) (http: //mcm. 
leeds.ac.uk/MCM/) contains approximately 16,500 reactions involving 

5900 chemical species (Saunders et al., 2003) and has been widely 
utilized to estimate the budgets of atmospheric oxidant radicals (Guo 
et al., 2013). This study applied the chemical box model to investigate 
the atmospheric oxidative capacity in NM, with measured meteorolog-
ical parameters, trace gases (O3, NO, NO2, CO and SO2 in this study), and 
VOC species as input. HONO, as one of the key sources of OH radicals 
(Zhou et al., 2001), was not measured in this study. A sensitivity analysis 
corresponding to the variations in NO2 and HONO in NM has shown that 
the daytime OH concentrations simulated by MCM were overestimated 
by approximately 20% (Gong et al., 2018). More detailed descriptions of 
the MCM are presented by Saunders et al. (2003) and Wang et al. (2018). 

3. Results and discussion 

3.1. Faster degradation of toluene in NM 

The time series of hourly averaged levels of meteorological param-
eters and trace gases in NM are illustrated in Fig. S1. Toluene concen-
trations varied significantly throughout the sampling period. The 
average mixing ratio of toluene was 0.16 ± 0.20 ppbv, and the 
maximum value reached 1.60 ppbv. Table 1 presents the toluene con-
centrations observed at NM and those reported at other background sites 
worldwide. Compared to other background sites, the overall observa-
tions at regional background sites in China showed significantly higher 
toluene levels, particularly those sites distributed in southern China. 
This indicates that the massive toluene emissions in Chinese megacity 
clusters, particularly in the PRD region, have exerted extreme influences 
on regional atmospheric chemical conditions. For example, the highest 
background value of toluene was found on Mt. Dinghu, which is located 
in the PRD region. 

However, it is clear that the toluene concentrations in NM were 

Table 1 
Average concentrations (ppbv) of toluene at the Nanling Mountains and other background sites worldwide (SD: standard deviation).  

Site Latitude, Longitude Altitude 
(m a.s.l.) 

Sampling period Mean ± SD Reference 

Mt. Dinghu, China 23.17◦N, 112.52◦E  1000 Jan. 2005-Dec. 2008 2.27 ± 0.89 Wu et al. (2016a) 
Mt. Tai Mo Shan, China 22.41◦N, 114.12◦E  640 Nov. 2010 1.58 ± 1.25 Fang et al. (2016) 
Mt. Mang, China 40.26◦N, 116.28◦E  630 Sep.-Oct. 2007 1.32 ± 1.15 Suthawaree et al. (2012) 
Mt. Lushan, China 29.58◦N, 115.98◦E  1165 Aug.-Sep. 2011 0.87 Yang et al. (2016) 
Hok Tsui, China 22.22◦N, 114.25◦E  60 Oct.-Nov. 2015 0.48 ± 0.58 Data from HKPU* 
Mt. Tai, China 36.25◦N, 117.1◦E  1534 Jun. 2006 0.47 ± 0.28 Ting et al. (2009) 
Mt. Gongga, China 29.55◦N, 102◦E  1640 Jan. 2008-Dec. 2011 0.44 ± 0.33 Zhang et al. (2014) 
Jinyunshan, China 30.38◦N, 106.6◦E  900 Aug.-Sep. 2015 0.40 ± 0.20 Li et al. (2018) 
Mt. Wuyi, China 27.35◦N, 117.43◦E  1139 Dec.2016 0.33 ± 0.11 Hong et al. (2019) 
Shangdianzi, China 40.65◦N, 117.12◦E  293.9 Sep.- Dec.2017 0.31 ± 0.34 Han et al. (2020) 
Mt. Changbai, China 42.4◦N, 128.47◦E  763 Nov. 2011-Dec.2012 0.28 ± 0.29 Wu et al. (2016b) 
Shennongjia, China 31.46◦N, 110.27◦E  2950 Sep. 2019 0.24 ± 0.03 Lyu et al. (2021) 
Greater Higgnan Mountains, China 50.43◦N124.13◦E  376 May 2011 0.22 ± 0.08 Lyu et al. (2013) 
Mt. Waliguan, China 36.28◦N, 100.9◦E  3816 Apr.-May 2003 0.18 ± 0.28 Xue et al. (2013) 
Qinghai Lake, China 36.98◦N, 99.91◦E  3576 Apr. & Aug. 2010 0.18 ± 0.14 Lyu et al. (2013) 
Mt. Jianfeng, China 18.67◦N, 108.82◦E  830 Apr.-May 2004 0.17 ± 0.44 Tang et al. (2009) 
Nanling Mountains, China 24.7◦N, 112.9◦E  1690 Oct.- Nov. 2016 0.16 ± 0.20 This study 
Mt. Tengchong, China 24.95◦N, 98.48◦E  1960 Apr.-May 2004 0.16 ± 0.10 Tang et al. (2009) 
Mt. Moshi Daban, China 37.59◦N, 101.29◦E  3295 Sep.-Oct. 2013 0.12 ± 0.05 Zhao et al. (2020) 
Mt. Wudang, China 32.45◦N, 111.07◦E  864 May- Jun. 2018 0.07 ± 0.04 Li et al. (2021) 
Mt. Fuji, Japan 35.37◦N, 138.73◦E  3776 Aug. 2016 0.19 ± 0.09 Ou-Yang et al. (2017) 
Mediterranean Stone Pine Forest, Spain 37.10◦N, 6.7◦W  12 Nov.-Dec. 2008 0.16 ± 0.24 Song et al. (2011) 
Hyytiälä, Finland 61.85◦N, 24.28◦E  181 Sep.-Nov. 2000–2002 0.14 ± 0.12 Hakola et al. (2003) 
Mt. Kleiner Feldberg, Germany 50.22◦N, 8.45◦E  850 Aug.-Sep. 2011 0.13 Sobanski et al. (2017) 
Mt. Whiteface, USA 44.37◦N, 73.9◦W  1500 Jul. 1994 0.11 Khwaja and Narang (2008) 
Valderejo Natural Park, Basque 42.87◦N, 3.22◦W  900 2003–2004 0.10 ± 0.14 Navazo et al. (2008) 
Manitou Experimental Forest, USA 39.1◦N, 105.1◦W  2286 Aug. 2008 0.09 ± 0.06 Nakashima et al. (2014) 
Cape Corse, France 42.97◦N, 9.38◦E  533 Jul. - Aug. 2013 0.08 ± 0.07 Michoud et al. (2017) 
Cape Point, South Africa 34.5◦S, 18.2◦E  230 Jul. - Nov. 2017 0.06 ± 0.17 Kuyper et al. (2020) 
Mt. Cimone, Italy 44.2◦N, 10.7◦E  2165 2010–2014 0.06 Lo Vullo et al. (2016) 
Mt. Appalachian, USA 36.21◦N, 81.69◦W  1100 Jun. - Jul. 2013 0.06 ± 0.05 Link et al. (2015) 
Cyprus island, Cyprus 35.03◦N, 33.05◦E  532 Mar. 2015 0.05 Debevec et al. (2017) 
Amazon, Brazil 2.15◦S, 59.01◦W  80 2012–2013 0.03 Paralovo et al. (2016) 
Jungfraujoch, Swiss 46.55◦N, 7.98◦E  3580 Oct.- Nov. 2015 0.01 ± 0.01 Balzani Lööv et al. (2008) 

*Unpublished data supported by Prof. Hai Guo of Hong Kong Polytechnic University. 
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lower than expected. Three mountainous forests located in southern 
China, namely, Mt. Dinghu, Mt. Tai Mo Shan, and Mt. Lushan, presented 
the first, second, and fifth-highest toluene concentrations, respectively 
(Table 1). Toluene levels at these sites were approximately 6–15 times 
higher than those at NM. The average value of toluene in this study was 
even lower than that at Mt. Waliguan, a baseline Global Atmospheric 
Watch (GAW) station in the northeastern Tibetan Plateau region of 
China. Considering the strong atmospheric oxidative capacity in 
southern China (Yan et al., 2019) and NM as a receptor forest for the 
PRD-outflowed plumes, the faster photochemical degradation might be 
responsible for the unexpected low toluene, which requires further 
investigation. 

The diurnal pattern of T/B ratios in NM was similar to other back-
ground sites (Fig. 2). The T/B ratios retained higher values, with a 
maximum value of 2.9 ± 3.4 ppbv⋅ppbv− 1 before 9:00, then decreased 
to the lowest value of 1.1 ± 1.0 ppbv⋅ppbv− 1 in the afternoon, with 
photochemical consumption induced by OH radicals. Compared with 
other background atmospheres in China, the diurnal profiles of the T/B 
ratios in this study were in good consistency with those observed at 
Shangdianzi (SDZ) in northern China and Hok Tsui (HT) in southern 
China. The ratios at Jinyunshan (JYS) in southwestern China showed 
insignificantly diurnal variations but also decreased slightly during the 
daytime. The toluene degradation rate, as ΔLn(T/B)/Δt in NM was 0.1 
ppbv⋅ppbv− 1⋅h− 1, which is 2–5 times faster than that of HT, SDZ, and 
JYS, with values of 0.05, 0.04 and 0.02 ppbv⋅ppbv− 1⋅h− 1, respectively. 
The comparative results provide a reasonable explanation for the 
decidedly low toluene content in NM. 

The OH concentrations in NM simulated by MCM was compared with 

those reported at other background sites to investigate the faster 
degradation rate of toluene in NM. The OH levels in NM were generally 
higher than most previously reported values at other background sites 
(Table 2). During the campaign, the daily maxima of the simulated OH 
levels in NM ranged from 7.5 to 18.0 × 106 molecule cm− 3, with an 
average daily peak value of (13.0 ± 3.0) × 106 molecule cm− 3, which 
was even comparable to the mean peak value in summer ((14.4 ± 0.8) 
× 106 molecule cm− 3) (Gong et al., 2018). Furthermore, these values 
were close to the highest oxidant levels (15.5 × 106 molecule cm− 3) 
reported at Backgarden, a background site in southern China. Given the 
weaker solar radiation and lower temperature in autumn, special 
attention should be paid to the unique mechanisms for maintaining OH 
levels in NM during this season. 

Fig. 2. Diurnal variations of toluene/benzene ratios observed at the Nanling 
Mountains (NM, in south China) and other background sites, including 
Shangdianzi (SDZ) in northern China, Hok Tsui (HT) in southern China and 
Jinyushan (JYS) in southwestern China. References are listed in Table 1. ΔLn 
(T/B)/Δt with R2 for indicating degradation rate of toluene for each site have 
also been presented. Yellow lines indicate linear degradation for toluene 
oxidation. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Table 2 
Daytime OH concentrations at the Nanling Mountains and other background 
sites.  

Site Date OH 
(×106 

molecule 
cm− 3) 

Methods References 

Nanling Mountains, 
China 

Oct.- 
Nov. 
2016 

7.5–18.0a Modelling This study 

Nanling Mountains, 
China 

Jun.- 
Aug. 
2016 

14.4 ± 0.8b Modelling Gong et al. 
(2018) 

Back Garden, China Jul. 
2006 

15.0b Measurement Hofzumahaus 
et al. (2009) 

Mt. Mang, China Sep.-Oct. 
2007 

0.4–14.2a Measurement Suthawaree 
et al. (2012) 

Tai Mao Shan, 
China 

Sep.- 
Nov. 
2010 

3.9 ± 0.7c Modelling Guo et al. 
(2013) 

Wanshan Island, 
China 

Aug.- 
Nov. 
2013 

4.7–9.2b Modelling Wang et al. 
(2018) 

Mt. Tai, China Jun. 
2006 

5.4–5.7b Modelling Kanaya et al. 
(2009) 

Shennongjia, China Sep. 
2019 

1.1b Modelling Lyu et al. 
(2021) 

Agrafa mountains, 
Greece 

Jul.-Aug. 
1997 

4.0–12.0a Measurement Creasey et al. 
(2001) 

Manitou 
Experimental 
Forest, US 

Aug. 
2010 

3.0–10.0a Measurement Wolfe et al. 
(2014) 

Jülich, Germany Summer 
2003 

4.0–9.0a Measurement Kleffmann 
et al. (2005) 

Amazon, Brazil Oct. 
2005 

5.6 ± 1.9 Measurement Lelieveld et al. 
(2008) 

Sierra Nevada 
mountains, US 

Summer 
1999 

9.0b Calculation Dreyfus et al. 
(2002) 

Hohenpeissenberg, 
Germany 

Jun. 
2000 

4.5–7.4a Measurement Handisides 
et al. (2003) 

Central Valley, US May 
2011 

4.0–7.0b Calculation Karl et al. 
(2013) 

Hyytiälä, Finland Summer 
2010 

1.5–2.0a Measurement Hens et al. 
(2014) 

Mt. Kleiner 
Feldberg, 
Germany 

Aug.- 
Sep. 
2011 

3.0b Measurement Sobanski et al. 
(2017) 

Mace Head, Ireland Jun. 
1999 

2.6 ± 0.5b Measurement Berresheim 
et al. (2002) 

Whiteface 
Mountain, US 

Summer 
2002 

2.6b Measurement Ren et al. 
(2006) 

Tasmania, Australia Jan.- 
Feb. 
1999 

2.6–3.6a Measurement Sommariva 
et al. (2004) 

Talladega National 
Forest, US 

Jun.-Jul. 
2013 

1.0b Modelling Feiner et al. 
(2016) 

a denotes the range of daytime maxima, b indicates average values of daytime 
maxima, c denotes mean values during daytime, and d is the median for maxima 
values at noon. 

Q. Li et al.                                                                                                                                                                                                                                        



Ecotoxicology and Environmental Safety 230 (2022) 113126

5

3.2. Impact of urban plumes on the atmospheric chemistry in NM 

Observational evidence has revealed a significantly elevated atmo-
spheric oxidative capacity over downwind forests under the disturbance 
of urban pollution plumes (Liu et al., 2018). More abundant oxygenated 
VOCs over NM in the presence of PRD outflow were reported in our 
previous study (Lv et al., 2019). To investigate how urban plumes 
disturb the concentrations of toluene and secondary products in NM, an 
episode (October 24–28) with a southern prevailing wind and an 
episode (November 1–3) with a northern prevailing wind were selected 
(Fig. S1). Given the relatively short lifetime of toluene (approximately 
24 h) (Cabrera-Perez et al., 2016), 24-h backward trajectories were 
analyzed (Text S1). The results confirmed that air masses in the first and 
second episodes mainly traversed the PRD region and central China, 
respectively (Fig. 1). A clean period (October 16–18) with significantly 
less anthropogenic pollutants (toluene = 0.02 ± 0.01 ppbv) (Table S1) 
was selected for comparison. During the clean period, the air masses 
arriving in NM were predominantly from the eastern parts of Guangdong 
and Jiangxi provinces. The clean period and first and second episodes 
were named as Clean Case, PRD Case, and central China (CC) Case, 
respectively. 

Fig. 3 illustrates the diurnal variations in toluene and benzaldehyde 
concentrations with other parameters for the three cases. More toluene 
was transported into NM by the PRD outflow, resulting in an increased 
toluene concentration in PRD Case to an average of 0.33 ± 0.32 ppbv 
(Table S1). However, the toluene values in PRD Case remained lower 
than those at other sites in southern China (Table 1). Toluene in PRD 
Case decreased from 0.46 ± 0.51 ppbv at 11:00 to the lowest value of 
0.13 ± 0.08 ppbv at 16:00, which was down to the same level as in CC 
Case. In contrast, the daily toluene in the other cases had lower values 
(p < 0.01) and degraded slowly during the daytime. According to pre-
vious studies by Wang et al. (2021), the upslope flow with the exchange 
of the planetary boundary layer lead to lower values of O3 during day-
time at NM. However, considering the slower decrease in daytime 
toluene in the other two cases, the contribution of the dilution effect to 
the accelerated toluene degradation in PRD Case might be limited. Ox 
(O3 +NO2) was recognized as the ’total oxidant’ (Lu et al., 2010), higher 
Ox values (p < 0.01) were observed in PRD Case, suggesting a more 
intense atmospheric oxidative capacity in PRD Case than in the other 
cases. Therefore, the accelerated toluene degradation in PRD Case 
should have been dominated by stronger photochemical oxidation 
rather than physical processes. 

Daytime benzaldehyde concentrations were significantly enhanced 
by PRD plumes in the presence of large amounts of toluene and oxidants, 
with maximum values approximately 240% and 56% higher than the 
background level (the lowest value observed in this study) and CC Case, 
respectively. Notably, the similar nighttime benzaldehyde levels in the 
PRD and CC Cases suggest comparable contributions of long-range 
transport. Furthermore, when considering the short lifetime of benzal-
dehyde (approximately 2.4 h) (Cabrera-Perez et al., 2016), the daytime 
elevation of benzaldehyde in NM under the influence of PRD outflows 
could be mainly because of secondary formation rather than long-range 
transport. In addition to benzaldehyde, air masses from the PRD region 
also contributed to significantly higher daytime O3 than Clean Case and 
CC Case (p < 0.01). Notably, both benzaldehyde and O3 are regarded as 
toxicants in forest ecosystems (Lindroth, 2010; Lohonyai et al., 2019). 

A significant isoprene elevation was observed during the day in PRD 
Case (p < 0.01), while the Clean and CC Cases showed lower values of 
isoprene. Given the short lifetime of isoprene (approximately 1 − 2 h) 
(Wennberg et al., 2018), this phenomenon could be explained by more 
isoprene emissions from plants with elevated temperatures (p < 0.01, 
Fig. 3j), induced by warmer air masses transported from the south. In 
terms of NOx, PRD Case showed comparable values to those of CC Case 
(p > 0.1). Significantly elevated levels of CO and benzene were found in 
CC Case (p < 0.01), indicating that more CO and benzene were trans-
ported from central China. These phenomena are consistent with the 

spatial distributions of CO and benzene in China, with higher levels in 
central China and lower levels in southern China (Liu et al., 2019; Yan 
et al., 2019). 

In conclusion, the present results suggest that the atmospheric 
chemistry in NM has been seriously affected by outflow from the PRD 
and central China. In particular, the PRD pollution plumes are more 
likely to induce rapid toluene degradation and secondary product for-
mation by strengthening atmospheric oxidative capacity over NM, 
which requires further analysis. 

3.3. Toluene degradation accelerated by the elevated OH radicals in PRD 
plumes 

Fig. 4 shows the diurnal variations in T/B ratios and the daytime 
degradation rate (ΔLn(T/B)/Δt) for the three cases. In PRD Case, the 
daytime T/B ratios presented a significant drop, with a mean ΔLn(T/B)/ 
Δt up to 0.16 ppbv ppbv− 1 h− 1, which was faster than Clean Case (0.09 
ppbv ppbv− 1 h− 1) and CC Case (0.07 ppbv ppbv− 1 h− 1, R2 = 1) by 80% 
and 130%, respectively. The degradation rate of toluene in PRD Case 
was very rapid, and approximately 8 times that in JYS. These results 
demonstrated a relatively faster degradation rate of toluene in NM under 
the influence of the PRD-polluted air masses. 

Fig. 5 presents the MCM-simulated OH concentrations in NM for the 
Clean, PRD and the CC Cases. The average of the simulated daily OH 
peak concentrations reached (15.8 ± 2.2) × 106 molecule cm− 3 in PRD 
Case, which was enhanced by more than 30% compared to the 
maximum value in Clean Case. In contrast, the mean peak value was 
reduced to (9.1 ± 1.3) × 106 molecule cm− 3 under the influence of the 
plumes from central China, which was approximately 25% less than the 
simulated value in Clean Case. 

The OH concentrations in forests are generally constrained by 
several factors, including NOx, O3, BVOCs, and CO (Hens et al., 2014). 
Amplified OH concentrations with increased NOx concentrations in 
urban pollution plumes were found in the Amazon, which is the largest 
humid tropical forest in the world (Liu et al., 2018). However, the 
comparable NOx in the PRD and the CC Cases suggests that the elevation 
of OH concentrations in the PRD Case may not be induced by changes in 
NOx. Kubistin et al. (2010) found that OH radicals produced from O3 
photolysis and ozonolysis reactions may also play a key role in 
strengthening the atmospheric oxidative capacity of forests. This was 
supported by our observation of elevated O3 in the PRD plumes, sug-
gesting a likely greater contribution of O3 photochemistry to OH for-
mation in NM. In addition, recent studies have demonstrated that, rather 
than depleting OH radicals, isoprene photochemistry over forests can 
promote atmospheric oxidative capacity by efficient OH recycling 
(Lelieveld et al., 2008). This point was also supported by the fact that the 
diurnal pattern of isoprene, which usually shows a peak value at noon 
due to the strong emissions by plants, showed a trough at this time in 
PRD Case (Fig. 3e). Overall, the characteristics of O3 and isoprene likely 
suggest evidence of OH generation from isoprene ozonolysis reactions, 
an important source of OH in the PRD plumes. Furthermore, a sharp 
decrease in OH levels because of increasing CO concentrations has been 
reported in a boreal forest (Hens et al., 2014) and therefore, the 
apparently elevated CO should be responsible for lower OH concentra-
tions in the central China plumes. 

4. Conclusions and implications 

In this study, toluene and its oxidation product, benzaldehyde, were 
measured in NM, the receptor forest surrounding the PRD region in 
China. Unexpectedly lower levels of toluene were observed compared to 
other background sites in China. The quantitative assessment revealed 
that the fastest degradation rate for toluene in the Chinese background 
sites was found in NM. Furthermore, the accelerated transformations of 
toluene and the subsequent enhanced formation of secondary products, 
some of which are toxic to the forest ecosystem, have been reported in 
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Fig. 3. Diurnal variations of hourly averaged 
values ( ± standard deviations) for toluene (a), 
benzaldehyde (n = 42) (b), Ox (c), O3 (d), 
isoprene (e), NOx (f), benzene (g), CO (h), RH (i) 
and Temp. (j) in Clean Case, PRD Case, and cen-
tral China (CC) Case in the Nanling Mountains. 
The green dotted line (b) indicates the back-
ground level of benzaldehyde in the Nanling 
Mountains. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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the presence of the PRD plumes. This phenomenon can be explained by 
the enhancement of atmospheric oxidative capacity over NM. 

The results of this study provide strong evidence that massive 
emissions of toxic toluene in urban agglomerations have a significant 
impact on the atmospheric chemistry of surrounding forests. As a 
response, receptor forests can accelerate the degradation of transported 
toxicants because of their strong atmospheric oxidative capacity. 
Therefore, the preservation and plantation of forests are important for 
ensuring environmental safety, given the role of forests as ’air-cleaners’ 
by accelerating the sink of toxic substances. Further studies are neces-
sary to gain a more comprehensive understanding of the clearance 
mechanisms of anthropogenic toxicants over forests, which are impor-
tant for regional and global air pollution control. 
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